INTRODUCTION
Animal models provide an invaluable source of information in the testing of hypotheses that are difficult to corroborate by other experimental means. In present work, we revisit data analysis of scalp-applied recording electrodes which have been used to monitor changes in basal EEG patterns in chickens during posthatch development [1] . The motivation here is to study the development and maturation of brain function using the Multifractal Detrended Fluctuation Analysis (MFDFA) [2] .
In recent years, the Detrended Fluctuation Analysis (DFA) [3] has been established as an important tool for the detection of long-range (auto-)correlations in time series and has become a widely used technique for the determination of (mono-)fractal scaling properties and the detection of long-range correlations in noisy, nonstationary time series. The DFA has successfully been applied to diverse fields. An alternative approach for the study of the multifractal behavior has been proposed by Stanley and co-workers [2] . It is based on a generalization of the DFA method and is know as Multifractal Detrended Fluctuation Analysis (MFDFA).
In this work, we characterized EEG signals of chicken, since the birds have weekly measues until six weeks posthatch. It is considered that in that period the chicken reach their neurological maturity. Using the MFDFA method we have been able to build the multifractal spectrum of each EEG time series corresponding to the analyzed weeks and perform a quantitative analysis of the brain maturation changes.
EXPERIMENTAL DATA AND ARTIFACT REDUCTION
Twenty four chickens (Gallus domesticus) reared from hatching were the subjects in this experiment. All birds had free access to food and water throughout the experiment. The birds were reared initially in incubation boxes and then transferred to holding cages maintained at a constant temperature (21 °C) with a 12 : 12 hr lightdark cycle.
Continuous EEG recordings (0.1 -100 Hz with a 50 Hz notch filter) were made using small (6 mm) gold cup electrodes attached to the scalp with collodion glue and filled with electrode gel. The signal was sampled at a rate of 128 Hz, passed through amplifiers, and stored directly on computer. The total length of each record is 16368 data. Data acquisition was controlled by Strawberry Tree software. Four electrodes were placed over left and right frontal (LF and RF), and left and right posterior (LP and RP) areas of the scalp with an additional reference electrode placed at the back of the head. EEG recording were taken at Day 7 posthatch and then each week for during 6 weeks. For additional details of the acquisition protocol see [1] . The recorded EEG signals are nonstationary and it also present artifacts due to saccadic eye movements [1] . In order to avoid these problems and facilitate a subsequent quantitative analysis, each signal was pre-processing using a methodology based on Wavelets (for procedure details see [4] ) and summarized as follow: a) The Discrete Orthogonal Wavelet Transform of the signal is obtained considering J max = -10 wavelet resolution levels with spline cubic mother wavelet. After that a cleaning and stationary signal is obtained by reconstruction (inverse wavelet transform) using the resolution wavelet levels corresponding to the frequency range 0.5 -32.0 Hz. b) The wavelet frequency bands at witch the saccadic movement frequency appear, as well as, their time localization were identified. The corresponding wavelet coefficients were reduced in order that they present a contribution below the noise-signal level, and the corresponding frequency band is reconstructed. Finally the complete signal is obtained by superposition of the all wavelet reconstructed frequency bands (see Figs. 1 and 2 of [5] ).
THE MULTIFRACTAL DETRENDED FLUCTUATION ANALYSIS
Stanley and co-workers developed a method for the multifractal characterization of nonstationary time series [2] , which is based on a generalization of the detrended fluctuation analysis (DFA). Following Ref.
[2] the multifractal DFA (MFDFA) and how the scaling exponents are determined via the MFDFA method can be summarized as follow:
• Starting with a correlated time series (signal) {«(/),/ = 1, • • -,N} (where N is the length of the series) the corresponding profile is determined by integration
i=\ where < u >= ^ XfLi M (0 is the mean.
• 
• Average over all segments to obtain the q-th fluctuation function
where, in general, the index q can take any real value. For q = 2, the standard DFA procedure is retrieved.
• The scaling behavior of the fluctuation is determined by analyzing log-log plots F q (s) versus s for each value of q. If the series u(i) are long-range power-low correlated F q (s) increase, for large values of*, as a power-law
For q = 0 the value h(0) cannot be determined directly using the average procedure in Eq. (4) because of the diverging exponent. Instead, using the L'Hopital rule, a logarithmic average procedure has to be employed,
For monofractal time series with compact support, h(q) is independent of q, since the scaling behavior of the variance F^(v) is identical for all segments v, and the averaging procedure in Eq. for negative values of q, h(q) describe the scaling behavior of the segments with small fluctuations. Following Eqs. (4) and (6) and assume that the length N of the series is an integer multiple of the scale s,
Stanley and co-workers show this multifractal formalism corresponding with the standard box counting theory, and they related both formalisms.
It is obvious that the term Y(vs) -Y((v -l)s) is identical to the sum of the numbers u(i) within each segment v of size s.
This sum is the box probability p s {v) in the standard formalism for normalized series u(i). The scaling exponent x{q) is usually defined via the partition function Z q {s),
where q is a real parameter as in the MFDFA. Then using the last equation and Eq. (8), they conclude that are identical and obtain the relation between the two sets of multifractal scaling exponents:
Bird 1 The singularity spectrum f(a) is another way to characterize the multifractality of the series. The parameter a is the Holder exponent or the singularity intensity. The f(a) spectrum is related with x{q) via a Legendre transformation [8] :
Using Eq. (9) they related directly a and f(a) to h(q):
RESULTS AND DISCUSSION Synapse formation in the chicken brain occurs most rapidly around the time of hatching and is complete by 10 to 14 days posthatch [6] . Subsequently, the immature synapses and neurons gradually attain adult ultrastructural and biochemical properties. These changes occur in the period between 3 and 8 weeks posthatch in what has been termed the "maturation period" by Rostas, [7] during which neuronal circuits become fine-tuned.
The EEG time series studied in the current work required pre-processing in order to eliminate undesired frequencies produced by a repetitive motion (saccadic movements) typical of the studied birds. This preprocessing is not straightforward (it can not be done with band pass filters) and was the object of a previous paper [4] .
Starting from the cleaning EEG signals we calculate the fluctuation function F(s) according with the equation Eq. (4) as function of the parameter q, varying between -10 and 10, for each bird, week and channel. Then, sketching the function F q {s) versus s in a graph with logarithmic scales, the functions h(q) and x{q) were obtained following Eqs. (6) and (8) . Figure 1 shows the variation of h(q) for Bird #1 at the electrode LF for the six week posthatch recording. In the Fig. 2 the corresponding x{q) functions are shown. Applying the Legendre relationships we obtain the multifractal spectrum f(a) as function of the singularities a. This task was carried out on all the series, with the objective of comparing the multifractal spectrum for the different weeks. Figure 3 shows the evolution of the f(a) for the six weeks for the electrode LF corresponding to Bird # 1. A clear difference in the position and shape of singularity spectrum is observed across the weeks.
Complex behavior of the signal is associated with the distribution of the singularities, a. That is, points where the signal is continuous but not differentiable. In this case, Holder exponents [9] describe the degree of regularity. If the measure of the set of points having the same regularity exponents is not an integer, it infers that the signal is fractal. For the multifractal case, we have a non-integer measure for different exponents a. If the spectrum distribution f(a) is centered around a = 1 or for a > 1 (a < 1) the system is differentiable (non-differentiable) in the Holder sense [9] . Then from Fig. 3 we can observe that the spectrum presents non-differentiable characteristics mainly in week 1. From then the pattern starts to shift to the right side, and start to be more differentiable from weeks 3 to 6. This behavior is associated with the "maturation period" described by Rostas a co-workers. Is interesting also to note that a wider spectrum appears at week 2 which can be associated with complete synapse formation. Another aspect that we can associated with the maturation period (weeks 3 to 6) is the asymmetry observed in the spectrum at weeks 3 to 5. Note that it almost disappear at week 6, when the neurological maturation of the bird is considered complete. We observed similar results with different birds and electrodes. The fractal characteristic does not present substantial changes at different electrodes. From the presents results we conclude that the MFDFA method can be used for the quantitative analysis of brain maturation change.
